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Synthetic Polymers as Gasoline

Thickening Agents

STRA

A laboratory formulation study was undertaken to
develop nev gasoline incendiary mixtures containing polymeric
viscolizing agents. Major emphasis was placed on comtina-
tions of isobutyl methacrylate polymers with diverse soap
forming ingredients. The optimum type and amount of each
of the basic gel ingredients was determined. Based on
physical studies and surveillance tests, 80 gel formulas were
chosen for evaluation in performance tests in one of five
munitions. Three methacrylate gel formulas have bteen accepted
and manufactured. Protlems of commercial gel manufacture
vere investigated in a continuous pilot plant.

This document contains information affecting
the national defense of the United States within
the meaning cf the Espionage Act, 50 U.S.C,
31 ard 32. Its transmission or the revelation of
its contents in any manner to an unauthorized
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Synthetic Polymers as Gasoline

Thickening Agents

. 1. Introduction

A study of the thickening of gasoline by synthetic
polymers has been in progress in this latoratory since
December 30, 1941. The major effort during the first six
months was to assist the Technical Division of the Chemical
Warfare Service* in the development of incendiary fillings
for the M-47 tomb. From August 1, 1942 to Fetruary 29, 194¥,
the work was continued under an Office of Scientific Research
and Development, National Defense Research Committee**, Con-
tract, 0EMsr-743, on incendiary fillings for M-47, M-69 and
E-9 bombs and frangible grenades.

The first gel samples were sutmitted for inspection
to CWS February 5, 1942 and were tested at Fdgewood Arsenal
as fillings for the M-47 incendiary btombt on March 3r 1942,
The major effort during the next few months was to "high-
spot" formulation, ingredient requirements, and methods of
manufacture of gels containing isotutyl methacrylate polymer
for use in the M-47 bomt. The operation of a continuous gel
pilot plant was demonstrated to CWS on April 10, 1942. During
the cooperative studies with CWS, an investigation of the manu-
facture of NR and AE grades isobutyl methacrylate polymer and
the preparation of interpolymers of isotutyl methacrylate with
small amounts of methacrylic acid were completed.

Prior to the start of the OSRD contract, several
polymer samples were forwarded to groups working btoth on in-
cendiaries and on flame throwers for the NDRC. At a request
received April 30, 1942 from the NDRC, the F-241 formula gel
(see Table 1, pg. 7) vas prepared for inclusion in a fuel re-
view for the M-69 (then termed M-56) bomt which was held May
3, 1942 at the Standard 01l Development Co. Laboratories at

* Abtbreviated CWS throughout this report.
## Abdbreviated OSRD, NDRC throughout this report.

This document contains information affecting
the national defense of the United £.ates witkin
the meaning of the Espionage Act, £ U.5.C,,
31 and 32. Iis transmission or the revelalion af
its contents in any manner to an unauthorized
person is p:obibited by law.
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Bayway, New Jersey. Following these tests, further formula-
tion, firing, and surveillance tests on the F-241 gel were
started in cooperation with the Standard 0il Development
Company, and were continued under the OSRD contract after
August 1, 1942. The program outlined under the OSRD contract
included: (a) the formulation of methacrylate gels to develop
superior gasoline incendiary mixtures and to reduce the need
for critical ingredients, (t) the study of other polymers as
gasoline viscolizing agents, (c) the development of specifica-
tions for gels and the individual components of the gels, (d)
the development of physical methods of testing gels to control
manufacture and to assist latoratory development of new
formulas, and (e) the servicing of munitions with incendiary
gels as requested either by NDRC or by CW3S. During the course
of this work requests were received for materials to be loaded
into five munitions (M-69, M-47, and E-9 incendiary tombs,
frangible grenades, and the portatle flame thrower). Four
methacrylate gel formulas (IM-1 to 4) have teen adopted and
manufactured by the CWS while other formulas are now under
advisement.

This report is a complete review of the work done
under OSRD Contract OEMsr-744 combined with such data from
previous work as appear pertinent. Reports from this Depart-
ment on specific phases of the work have been circulated to
toth NDRC and CWS and by reference constitute a part of this
final report. These include:

1. Isobutyl Methacrylate-Methacrylic Acid Interpolymers
as Gasoline Thickening Agents. Formal Report from
E. I. duPont de Nemours &Co. to NDRC Section 11.3
by E. C. Kirkpatrick. April 26, 1944,

Chemical Ignition of Flame Throwers - A Critical

Review of Proposed Techniques. Formal Report by

gé Cigﬁirkpatrick to NDRC Section 11.3. February'
, -

Proposed Surveillance Conditions tased on Weather
Information from the Air Force and the U. S. Weather
Bureau. Letter H. R. Dittmar to Dr. R. H. Ewell,
December 14, 1942.

. 4. Laboratory Examination of Experimental Incendiary
Gels Produced at the Westerville, Ohio Plant of the
Kilgore Manufacturing Company. Letter E. C.
Kirkpatrick to H. R. Dittmar, January 18, 1943.
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Report on Visits to the Kilgore Manufacturing
Company. E. C. Kirkpatrick to H. R. Dittmar,
December 22, 1943.

Inspection of IM-2 Gels Produced by the Kilgore
Manufacturing Company. Letter E. C. Kirkpatrick
to Brig. Gen. W. C. Kabrich, August 9, 1943.

Inspection of IM-3 Gels Produced by the Kilgore
Manufacturing Company. Letters H. Peterson to

Brig. Gen. W. C. Katrich, December 1, 1943, and
E. C. Kirkpatrick to Brig. Gen. W. C. Kabrich,

August 9, 1943.

Properties and Examination of IM-3 Incendiary Fuel.
Covering letter D. E. Strain to Brig. Gen. W. C.
Kabrich, May 17, 1943.

. Summa

A. General

In an extensive laboratory search for statle thicken-
ed gasoline mixtures of high strength and good incendiary
characteristics approximately 2,500 different gels were pre-
pared. 1Isobutyl methacrylate-polymers and other synthetic
resins were combined with soap forming acids, strong tases,
fillers, and gasoline with or without other fuels. Based on
laboratory surveillance tests and physical measurements, 80
gels were chosen for field evaluation in one of 5 munitions.
An additional 700 gels were then prepared to standardize the
most effective compositions. Problems involved in plant scale
manufacture of isobutyl methacrylate gels were investigated.

A series of gel formulas of graded toughness, representing
the compositions prepared during this study most suitable as
incendiary fillings, are listed in Section F.

B. Gel Formulation with Methacrylate Polymers

The study of gasoline gels thickened by polymers
of isobutyl methacrylate is reviewed by summarizing the effect
on gel properties of varying in turn the nature and concen-
tration of each of the tasic gel components.

' Gel preparation generally involved formation of a
lov viscosity gasoline solution containing isobutyl methacrylate
polymer and soap forming acids which were gelled or thickened

CLASSIFIED - CONFIDENTIAL
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by the addition of a small amount of aqueous alkali. In
general the polymer determines strength characteristics while
the soap ingredients contribute tody to these mixtures.

l. The range of strengths required of gels for the
various incendiary munitions was covered by using NR or AE
grade isobutyl methacrylate polymer for the weaker gels and
one of a series of interpolymers of isobutyl methacrylate and
methacrylic acid in the strongest gels. Polymer content of
soap fortified gels was varied between 1 and 104. The minimum
polymer contents consistent with stability and the various
desired gel strengths were determined.

2. A large numter of soap forming acids were assessed
as gel todying agents. Formulation of the six most effective
acids was intensively studied in gels containing various com-
binations of 2 or 3 acids. Of these six acids, stearic and
oleic acids impart stiffness, body, and high temperature
stabllity to all types of methacrylate gels. Naphthenic acid
and dimerigzed soytean oil acids act as gel plasticizers, while
wood rosin and Turkey red oil normally function as plasticizing
agents but occasionally fulfill toth of the above functions.
The most effective acid combinations are stearic acid-

naphthenic acid; stearic acid-naphthenic acid-wood rosin;
stearic acid-dimerized soytean oil acid; and stearic or
naphthenic acids alone.

3. To study the effect of the gelation agent strong
and weak bases were tested at various ratios of acids to base
to water. Only strong bases caused effective gelation. The
use of aqueous sodium hydroxide, ground lime, and calcium
hydroxide was studied in detail. Unsuccessful attempts were
made to prepare stable gels with ammonia or amines.

4. Stiffness and a reduction in resilience vere impart-
ed to strong, fluid gels containing isotutyl methacrylate-
methacrylic acid interpolymers by the addition of inert solid
:lt:réale. Ground alpha-cellulose was the most effective filler

ested.

5. Other NDRC research groups studied the gasoline re-
qQquirements of methacrylate gels and concluded that an aniline
point btelow 105°F. was required to obtain gel stability.

$. The addition of toluene improved the stability of
soap-free isobtutyl methacrylate-methacrylic acid interpolymer
gels. Other solvents tested were less suiltable.
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C. Gel Formulation with Methacrylate Substitutes

In a search for isobutyl methacrylate substitutes
a formulation study of other commercial resins was undertaken.
A search for gasoline soluble polymers other than methacrylates
revealed only the polyvinyl ethers, Vistanex (polyisobutylene)
and the rutber substitutes derived from vegetable oils. Satis-
factory strength in gels containing the latter two materials
vere ottained only when the polymer content exceeded 10%. The
polyvinyl ether procured from the General Aniline & Film
Corporation was tested as a direct sutstitute for polyisobutyl
methacrylate and as a constituent of soap-free gels. The
properties of polyvinyl ether gels are comparable to those
prepared from methacrylate polymers. Evaluation of these mix-
tures as flame thrower fuels has teen undertaken bty other NDRC
groups. Gel preparation was attempted with other commercial
resins, especially ethyl cellulose, by adding an auxiliary
solvent to the gasoline. It was concluded that without further
modification such polymers do not impart sufficient strength to
gasoline-svap gels and that the use of a water miscible auxiliary
solvent results in poor high temperature gel stability. :

Modification of existing commercial resins and the

synthesis of new polymeric gasoline thickening agents was
"high-spotted". While several gasoline solubtle cellulose and
vinyl resins were prepared, degradation occurred during the
introduction of functional groups so that only low molecular
veight materials were obtained.

Attempts to prepare polymer-free gels involved the
use of asphalts, gums, factices, carbon black, and miscellaneous
organic solids. When gels were obtained they were weak and
had a high solids content.

D. Physical Measurements

The physical properties of various gels were compared
with the results of field evaluations and the sensitivity of
various tests to minor changes in composition of a given gel
formula were determined. To ottain significant characteriza-
tion of methacrylate gels it was necessary to modify existing
methods and to develop new techniques. New physical measure-
ments developed under this contract include the so-called
Impact Strength, Parallel Plate, and Burning Rate tests. The
Impact Strength, a measurement of consistency at a high shear-
ing force, was useful in gel research to predict behavior of
diverse gel formulas in static firing tests. The Parallel
Plate test, a measurement of body under a low shearing force,

CLASSIFIED » CONFIDENTIAL
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vas adapted to plant control on specific gel formulas where it
shoved excellent sensitivity to quality of ingredients and .
method of compounding. The burning rate test gave a comparative -~ - -
measure of the incendiary characteristics of diverse gels. *

The stability to exposure to both high and low tempera- & ° -
tures of gels prepared during the formulation study was de- ’
termined and has been correlated with gel composition.

E. Pilot Plant Tests y

A continuous method of preparing methacrylate gels
vhich involved mixing the aqueous base with a gasoline stock
solution (containing resin and soap-forming acids) in a
centrifugal pump was developed and studied on a pilot plant
scale. Operation of this unit was demonstrated to the CW3
and to representatives of three industrial concerns under con-
tract to load small incendiaries. The problems of continuous
manufacture including method and rate of mixing, production
capacity, the effect of temperature and the technique of
pumping alpha-cellulose suspensions in gasoline were investi-
gated both in our pilot plant and in cooperation with the CWS
in their commercial loading plant at Westerville, Ohio. Per-
formance tests were made on pilot plant product to confirm
earlier conclusions drawn from gels prepared batchwise in the
laboratory. Based on these results assistance was given to the
CWS in drawing specifications on the ingredients and on the
composite gel for each of three methacrylate gel formulas.
Unsuccessful attempts were made to prepare lime gels in a
continuous manner.

F. Applications in Munitions

The results of field tests in cooperation with other
groups on methacrylate gels as fillings in four incendiary
munitions are reviewed as they pertain to gel formulation
studies. Based on such tests and on surveillance studies a
preferred group of methacrylate gels of graded toughness has
been listed in Tabtle 1. For comparative purposes a few com-
petitive gel formulas are included. These mixtures are dis-
cussed dbelovw in relation to the munition in which they were
tested. The development of physical methods of evaluating
gels and calitration of the test values against the results of
field trials of incendiary munitions has yielded for each
mugi:ion a specific range of physical properties which appears
optimum.

CLASSIFIED - CONFIDENTIAL
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l. M- ncendia omb

It is telieved that a filling for the M-69 bomb
should have an impact strength (test procedure described in
Section IV-D) in the range of 4 to 9 C scale units. Somevhat
weaker gels may prove satisfactory if they are fluid and
adhesive.

Three gel formulas have been used during commercial
production of M-09 incendiaries; two additional formulas are
proposed for future consideration. The IM-2 formula was the
original large scale M-69 filling. This was superseded by the
IM-3 mixture which had equal if not superior firing charac-
teristics, and which required only 40% as much isotutyl
methacrylate polymer. Even with this polymer saving, the
quantity allocated was insufficient for use in all M-69 bombs.
The remainder of the M-69 manufacturing program used a gasoline
gel containing 8% Napalm. In a joint CWS-NDRC field review of
candidate M-69 fillings held Novemter 19 to 21, 1942, it was
found that the F-624 gel [Table 1) had incendiary characteristics
superior to those of either the IM-2 or IM-3 gels. Acceptance
of this formula was held in ateyance due to questions concern-
ing stability and method of manufacture. These uncertainties
have been successfully eliminated and its reconsideration 1s
suggested. The F-962 formula which is also proposed for *
evaluation as an M-69 filling has a higher fuel content and a
faster burning rate than any of the above mixtures. While
its physical properties are in the range believed optimum for
M-69 gels, its field performance has not as yet been determined.

2. E-9 Incendiary Bomb

The exact strength requirements of f£illings for this
bomdb have not teen clearly defined but are obviously high. For
fluid resilient mixtures the optimum impact strength appears
to be in the neighborhood of 12 D scale units.

Based on static firing tests by the Texas Company,
gels A-3487 and A-3489, vhich are interpolymer gels of low
soap content, have teen chosen as fillings for this experi-
mental bomt for use in field evaluations and acceptance tests.
The latter has a slightly higher fuel content and a simpler
composition but requires gasoline of low aniline point. The
A-3487 gel 1s preferred bty this group due to its greater ease
of manufacture and its improved flow during comtustion. The
strength of the F-1948 formula is probtably on the high side of
that required. 1Its use is suggested only if the other formulas

prove inadequate.
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3. M=47 Incendiary Bomd

The optimum incendiary fillings for the M-47 bombd
have impact strengths in the range of approximately 11 to 16
B scale units. These limits are necessarily vague because of
the possible variations in the type of burster well and case
that come under this single classification.

Gels which have been employed in M-47 bombs in the
field include 8% smoked sheet rubter, 13.5% Napalm, and the
IM-1 and IM-4 formulas. The first mixture contains a critical
material that could not be procured, vhile the high soap content
of the second leads to friability. The two accepted IM formulas
differ largely in polymer content. The F-1440 formula is also
listed in Table 1 as an M-47 filling since it resembles the
IM-4 gel but has improved adhesion to wood. The three
methacrylate gels all contain lime as the gelling agent and
thus have slow burning rates and do not adhere strongly to
wood. Three methacrylate gels containing aqueous caustic
rather than lime have proven acceptable in M-47 firing tests.
The IM-1 formula was chosen over the first of these, the F-107
formula, due to manufacturing considerations. The other two,
F-519 (ﬁ% of 0.3 interpolymer, 1.5% stearic acid, 1.5%

naphthenic acidﬁoéﬂ of 40% NaOH) and F-330 (5% of 0.1 inter-
N

polymer, 1% of aOH), in preliminary tests appeared superior
to the lime gels. The later successful stabilization of soap-
free interpolymer gels for use in the F-9 bomb by the addition
of toluene suggests a re-evaluation of this type of filling

in the M-47.

4. Frangible Grenades

Methacrylate gels with the proper consistency for
use in frangitle Erenades had modified Stormer viscosities of
40 to 200 R.P.M./800 g. (see Section IV for test procedures)
and Gardner Mobilometer values of 20 to 200 grams/l1.5 min./
10 cm. While the F-1416 gel meets these requirements, the
use of existing methacrylate gels in frangible grenades 1is
not recommended since other mixtures, notatly gasoline solu-
tions containing 2-5% of Napalm or Vistanex (polyisotutylene),
have superior lowv temperature properties.
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III. Discussion of Reguirements on Incondiarx Fillings

A discussion of the qualities which produce a superior
incendiary filling involves the principles of incendiary attack.
-No incendiary tomb contains sufficient fuel to cause appreciatle
destruction per se. The purpose of the incendiary filling 1is
to ignite combustible material present at the target and to
initiate a destructive fire. An incendiary bomb should there-
fore deliver its active contents near comtustible material in
a concentration sufficient to ignite this material tut not
greatly in excess of this amount. Since fire raising 1is tased
on protability factors, the greater the number of units, each
of effective size, into which the tombing load can te split
the greater is the destruction otrtained. It 1is therefore
obvious that certain requirements on incendiary fillings will
vary in different munitions These include the incendiary
characteristics and the distritution in performance. Funda-
mental requirements which are independent of the munition include
stabllity, ease of manufacture and availability. A general
discussion of these requirements, as applied to gasoline gels,
is followed by a description of the munitions in which these
gels were tested,

A. Distritution

The complete analysis of the factors affecting gel
distribution include not only the manner in which the gel is
ejected from the munition but also its reaction on reaching
the target and its properties during comtustion. The most
limiting requirement on all incendiary gels is that they have
sufficient strength to resist disruption under the force de-
signed to distribute the gel into favorable locations. This
involves a high shearing force. It has bteen demonstrated in
many tests that at least 2 pounds of gasoline gel must support
a fire in a "normal" target if that fire is to spread rapidly.
For small tombs with a gross weight of 10 pounds or less it 1is
therefore essential that the major part of the fuel remain in
contact. If all the fuel in large tombs, however, were to
stay as a unit, then part of the gel would be wasted. In such
munitions the gel should bresk into several pleces, each plece
teing of a size capable of initiating an individual fire.
There 1s, hovever, an important psychological effect ottained
from a large number of small fires It is therefore agreed
that it 1s desirable that possibly 5 to 10% of the gel should
scatter in small particles.

In an ejection type bomb, assuming gel strength
to resist scatter on ejection, the gel is thrown from the tomb
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and its flight will bte interrupted by an obstacle that may bdbe
combustidble. The behavior of the gel on reaching such an
obstacle 1s the second requirement that is readily studied.
Elastic materials tend to bounce away from the obstacle to
fall in a location that has little chance of teing favorable.
Weak gels will shatter on impact so that the incendlary effect
is dissipated. It therefore appears desirable that on impact
the gel spread enough to lose its momentum btut remaln as a
single fire unit. Early wood combustion tests indicated that
the optimum thickness of such a gel smear was 1/4 inch. For
optimum action the gel should adhere to the obstacle. Once
combustion of the target has teen initiated the gel should
then flow at the same rate as the fire travels to assist the
spread of the fire. This means that the burning gel should
have sufficient viscosity to adhere and stay in the fire area.
A gel which neither scatters, adheres nor rebounds will spread
along the base of the obstacle. This location is second in
effectiveness only to complete adhesion. The extent to which
the gel spreads on impact and its tendency to flow appear to
be correlated with its viscosity under a low shearing force.

It i1s anticipated that when these munitions function
in the field the gel temperature may be tetween room temperature
and as low as -40°F. Since tombs are transported to the
target in unheated bomt tays at high altitudes, it 1s believed
that even in warm climates the tomb filling will te cooled to
TO°F. or below tefore use. In high altitude, long range
flights the tomt may cool to ~50°F. resulting in a gel tempera-
ture of -40°F. For these reasons performance tests on gels

vere made at 70°F. and -40°F. while tests at higher temperatures
appear irrelevant. This implies that the consistency of the
gel, which in part determines the distributional properties
described above, should bte as nearly as possitle independent

of temperature in the range 70°F. to -40°F.

B. Incendiary Characteristics

The minimum conditions which will cause combustion
of vwood are a combination of temperature and time of exposure.
Thus a good incendiary gel not only makes avallable a large
quantity of thermal energy, but also is able to literate this
heat at a specified rate. The optimum rate of heat literation
is closely allied with toth the particular munition and the
type of target under consideration. A decision on the exact
burning rate desired in a gel must te based on incendiary field
tests vhich include an analysis of fire raising powers. The
best estimates available indicate that the duration of com-
bustion of the distributed gel should be in the range of 3 to
20 minutes with the shorter times for the most combustible
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targets. The shorter the time required for the fire to get
beyond control, the greater the probatility that enemy fire
fighting will be ineffective. Comparison of the total heat
available in different gels should bte made on a volume not a
welght tasis since the tomt load of a plane in general 1is
limited by the number and size of the bomb stations.

Some inferior gels exhibit partial instantaneous
combustion when the bomb is fired. This flash fire is in-
effective and is caused by the presence of free gasoline or
by excessive breakup. Gel treakdown yielding free gasoline
maey occur either in gels unstable to temperature changes or in
gels whose structure is broken bty the impact forces.

While the burning rate of a gel is little affected
by its initial temperature, the ignition of the gel is more
difficult as this temperature decreases. The attainment and
extent of ignition is, however, largely determined by the
design of the munition.

C. Stability

Inferior gels exhibit phase separation during storage.
The presence of an unthickened gasoline phase causes flash burn,
alters the physical properties of the gel phase to change gel

distribution on ejection, and in tail ejection bombs mekes gel
ignition difficult. The presence of two gel phases may de-
crease flight stability of a munition. It 1s therefore a
requirement of an incendiary filling that it exhibit no break-
down and that it perform satisfactorily, after it has teen
held at such temperatures as it might experience in shipment
to and in use in the field. These conditions are discussed

in the section describing survelllance tests.

D. Ease of Manufacture

While the factors affecting performance are of major
importance, a consideration of two equally effective fillings
would also include the problems of procurement. An ideal gel
vould bte made from available materials by a simple technique
vhich would involve minimum safety hazards. The normal
variations in composition of the individual ingredients and
of the combined mixture experienced in large scale manufacture
should not affect gel properties materially.

E. Description of Munitions

Polymer thickened gasoline gels have been prepared
for appraisal as fillings in four incendiary munitions. These
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differ radically in the forces employed to disperse the gel. ™
Since an increase in gel strength tends to decrease the
incendiary quality of a gel it appears desirable to use in a
given munition a filling which has only slightly more than the
minimum required gel strength. For this reason the optimum
gel formula varies for each of the following munitions listed
in order of increasing ejection forces: frangitle grenade,
M-69 tomb, M-47 bomb, E-9 bomb.

1. M-69 Bomb

The 10 pound M-69 incendiary bomb (CWS Specification
196-131-99A) was developed ty the Standard 0il Development
Company under NDRC Contract OEMsr-354. It is a tail ejection
bomd principally designed for area tombing of domestic targets.
It has a terminal velocity when dropped from altitudes greater
than 10,000 feet of 225 feet per second. This indicates that
the bomb will penetrate and remain inside flimsy to moderately
protected structures. Since the construction of such targets
usually includes readily combustitle material, a suitable
£i1lling shoudd therefore be rapid turning.

The hexagonal shaped btomb contains a heavy steel
povwder chamber separated from a sheet metal enclosed fuel
chamber by a diasphragm. The powder chamber contains the fuse,
the delay element, and the ejection and ignition charge. The
latter is a mixture of 7 2 grams of A-4 black powder and 4.6
grams of coated magnesium*. The fuel chamber is closed at
the base by a cap which 1s seamed to withstand a pressure of
100 pounds gage but to disengage when the internal pressure
reaches 150 pounds gage. The gel is supported in an open
veave cheesecloth tag. The powder charge breaks the dlaphragm
vhen the pressure in the powder chamber reaches approximately
500 pounds per square inch This pressure wave then forces
off the tall cup and ejects the gel in one plece mortar-
wise. In flight from the tomb the gel is belleved to reach
an approximate speed of 100 feet/second. The cheesecloth
sock 1s of such a strength that it prevents gel disintegra-
tion in ejection flight but btreaks when it hits an obstacle,
allowing the gel to spread. The bomb will hold 2.8 pounds of
a gel having a density of 0.75.

2. E-9 Bomb

The 40 pound E-9 incendiary tromb now under develop-
ment bty the Texas Company under NDRC Contract OEMsr-898 is
& tail ejection type tomb designed for precision bombing of
industrial targets. It reaches its terminal velocity of about

*An alternate mixture of 10 g. of A-1 powder and 4 g. of coated
magnesium has also teen used.
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900 feet per second when dropped from 30,000 feet. The
present design of the bomt calls for the inclusion of 10
pounds of incendiary gasoline gel. Due to the relatively
noninflammatle nature of its intended target it 1s telieved
that this filling should act as a single fire unit on ejection
and that it should turn over a slightly longer period than

is optimum for the gels in the M-69 tombs.

The nose of the tomt contains an impact fuse, an
anti-personnel element and the ejection charge. The ejection
charge, 16 grams of tlack powder, is contained in a frangible
dome which 1s surrounded by a second dome containing 1 pound
of white phosphorous. The remainder of the body of the tomb
and the cone supporting the tail are filled with gel. The
weakest spot in this container is the joint connecting the
btody with the tail cone. The bomb functions when the explosion
treaks toth domes, breaks off the tail cone, and finally blows
out the gel and the phosphorous. We telieve this tomt requires
a tougher gel than any other munition studied.

3. M-47 Bomb

The M-47 incendiary tomt differs from the M-69 and
the E-9 btomb in that it i1s an internal turster well type and
it 1s usually not clustered but rather hung as a unit in a
bomt btay. The case was originally designed ty the CWS to be
filled with chemical agents and has the normal stream-lined
shape of high explosive tombs. A 1 inch diameter hole at the
point of the nose ojive 1s used to fill the tomt with incendiary
gel and later after loading supports the end of the internal
burster well and the impact fuse. The internal turster well
extends the complete length of the axis of the tomt. The M-12
bturster consists of a mixture of tlack powder and magnesium in
& bturster tute. The M-13 turster includes an outer shell of
vhite phosphorous and an inner coaxial core of tetrytol pellets
separated from the phosphorous bty a steel wall. When the tomb
functions the explosion breaks the turster well, forces the
ignition agent (Mg or P) into the gel chamber, ruptures the
case, and throwvs the gel in all directions over a circular
area. In the tests described in this report thethin walled
M-47A2 case was generally used. The 39 pounds of gasoline gel
in the M-47 vtomt transmits the explosive wave that ruptures
the case. Under the shock of this explosive force the gel
should break into a numter of pieces whose approximate size
should range tetween 1 and 5 pounds. This requires a stronger
gel than is optimum for use in the M-59 btomb.
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4. Frangible Grenades "

Frangitle grenades as produced by the Chemical War-
fare Service consist of a squat 1 pint glass bottle filled
with gasoline gel. Various ignition mechanisms have been test-
ed with an external ignitor (M-3) favored. The grenade 1is
thrown at a target such as a tank and should break and function
on impact. The tactical effects of the grenade are achieved
vhen the rurning fuel (a) ignites lubricating oil on the tank
treads’ or engine, (t) penetrates through appertures into the:
tank compartments with anti-personnel effect, or (c) otscures
observation from the tank. All of these uses require a fluid,
very rapidturning gel. The only limitation on minimum gel
strength 1s that on lmpact the gel should not flow completely
off the obstacle. A suitable grenade filling will adhere to
metal, will flow readily and will bturn with gusto.

IV. Procedures for Preparation and Evaluation of Gels

Specialized techniques developed to prepare and test
methacrylate gels are outlined triefly in this section. The
relative merits and the applicability of these tests are
discussed. Specific detalled procedures are given in Appendix

The preparation of the IM-2 and IM-3 gel formulas
Tor laboratory testing is described in CVWS Specifications
196-131-120 and 196-131-145, respectively. A report on the
properties and analysis of IM-Type III gels was prepared
April 26, 1943, and was circulated (letter D. E. Strain to
Brig. Gen. W. C. Katrich) May 17, 1943. The above are supple-
mented by the following more general information.

A. Batchwise Preparation of Methacrylate Gels

The basic method of preparing methacrylate gels
involves adding an aqueous solution of a base such as sodium
hydroxide to a stock solution consisting of polymer and soap
forming acids dissolved in gasoline. The stock solution 1is
prepared bty dissolving first the acids then the polymer with
strong agitation in the gasoline. To insure solubility of
stearic acid, the gasoline temperature must exceed 12°C,

When mixtures of acids were used it was found convenient to
veigh the acids into a container heated on a steam tath or
vhen rosin was present on an electric heater, and to add the
molten mixture to the gasoline while stirring. Solution of
polymer was most readily ottained by adding the entire amount
required all at one time. Stirring was continued until solu-
tion vas complete. Fillers were sometimes added to this stock
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solution. Gelation was ottained by pouring the aqueous hasic
solution rapidly into the stock solution while stirring with
an electrically driven stirrer. Agitation was continued for

1 minute or until the mixture had gelled sufficiently to climbt
the shaft of the stirrer. The usual size of a latoratory
batch was 400 g. prepared in a wide mouth 1 quart bottle.

The gels were allowed to set in the closed container at least

24 hours tefore examination.

When lime was used as the gelling agent the powdered
dry lime was dispersed in the stock solutlion and water was
then added to effect gelation. These mixtures were stirred at
least tvo minutes after the addition of water. Since the
particle size of the lime affected the rate of gelation and
the final properties of the gel, a standard mixture was ob-
tained ty crushing USP lime, screening, and compositing the
fractions to give & mixture with the following screen analysis:

52%

5%

This synthétic mixture has a screen analysis which is the
average of several analyses on limes ground to pass 40 mesh.

35-60 mes
60-80 "
80-100 "
100-120 "
past 200 "

When aluminum or lead soaps were used as bodying
agents, they vere added to the polymer solution either as a
dry powder or as a gasoline solution.

B. Pilot Plant Continuous Preparation
of Methacrylate Gels

For larger than latoratory scale preparation of
methacrylate gels it seemed desiratle to develop & continuous
rather than a tatchwise process. Gelation involves rapid
intimate mixing of a gasoline stock solution containing polymer
and soap forming acids with the aqueous caustic solution.

In preliminary tests the mixing ottained ty injecting the

two streams into a centrifugal pump seemed more controllatle
than the mixing ottained by passing the two solutions under
pressure simultaneously through an orifice. The small scale
unit shown diagrammatically in Figure 1 was therefore assembled.
The stock solution is prepared tatchwise in holdup tank T-1
vhile the 40% caustic solution is stored in tank T-2. These
solutions are drawn from the tanks at calitrated rates bty
metering gear pumps. The two metered streams join in a tee
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FIGURE 1

.Continuous Unit for the Preparation
of Methacrylate Gels

!:lOVSQBOt

Forming Acids

| * Tank T-1 and
Agitator M-1 _ ‘ Filter

Melted Soap- Poﬁz?er Gasoline ' 40% NaOH Sol'n.

Cclié;ction
Line

-\

Containers
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of Equipment

55 gallon open end steel drum.
5 gallon steel can.

Gould Figure 1676 steel gear pump driven by
a 1/3 horsepowver, single phase, 110 volt,

60 cycle motor.

Zenith Products Company steel gear pump
1B-227 driven by & 1/4 horsepover, single
phase, 110 volt, 60 cycle motor.
Hills-McCanna Type A-219 steel centrifugel
pump driven ty a 1/4 horsepover, single
phase, 110 volt, 60 cycle motor.

3. Yariable Speed Drives

The drives on gear pumps P-1 and P-2 are made by
Speed Master Company of Minneapolis, Minnesota.

The drive on P-4 was a Model A Serial 3067-UL

All-Speed Drive made by Worthington Pump &
Machinery Co., Harrison, N. J.

¥. Piping and Valves

Standard steel or black iron pipe and all iron valves
vere used,

5. Miscellaneous

The caustic filter is a standard iron steam screen
filter.

M-1 - 1/2 horsepovwer Lightning paddle type mixer,

M-2 to M-4 - pressure gauges range 0-200 lbs./sq.in.
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or Y which immediately precedes the inlet to the centrifugal

mixing pumps. Shut off and sampling valves are located so

that the rate of flow of each stream can e calitrated separately.- - *
The gel produced in the mixing pump is forced through the dis-

charge line and loaded directly into a bomb or container. The
maximum produciion of the Ammonia Department unit, limited by

pump capacity, was 10 1lbs, of F-241 gel per minute. At this

rate the tack pressure developed in the discharge line vhich

was 15 feet of standard 1" black iron pipe including two 90°

tends was 5 p.s.i. gauge.

To ottain the flexirility required for experimental
studies, all three pumps were operated by variable speed drives.
In the unit producing IM-2 and IM-3 gel at the Kilgore Manu-
facturing Company it was found advantageous to operate toth
metering gear pumps from the same drive shaft and to pre-
determine the ratio of the two streams by the proper choice
of gears coupling the pumps to the shaft.

All equipment was grounded and nonspark switches and
explosion-proof motors were used throughout. Black iron tut
not galvanized pipe was completely resistant to the caustic
and gel mixtures.

C. Qualitative Characterization of a
Gel and Definition of Terms

The physical measurements to be descrited in the
folloving sections are designed to quantitatively characterize
specific properties of the gel. Qualitative observations may
be made by manipulating the gel sample with a spatula.

To test for homogeneity the sample is cut in half
and separated so as to expose a fresh surface., If there was
insufficient agitation when the caustic was added to the stock
solution, areas poor in caustic will be apparent by their
lighter color. Such areas will also te much harder than the
surrounding gel. This is confirmed by feel and yield under
pressure. When the gel has been loaded into an M-69 case the
areas of constant rigidity will tend to run lengthwise through
the gel and the caustic content of the gel nearest the taill cup
will exceed that of the gel near the diaphragm.

To determine friability and rate of heal the gel 1is
cut with a spatula and a sample withdrawn. If the sample and

the area from which it was withdrawn retain their shape and
remain sharply outlined, the gel is hard and friable. In the
most undesireble cases, shavings of gel can te produced bty
scraping the surface with the spatula. If a cut heals immediate-
ly or a smooth surface reforms as soon as a sample is withdrawn,
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the gel 1s soft and has insufficlient tody. The best gels
are intermediate between these two extremes. The sharp edges
of a cut or of a sample should become blurred almost im-
mediately. The cut should be completely healed in approxi-
mately 5 minutes. The body of the gel can be evaluated by
placing a sample on a plane surface. A soft gel will spread
and lose its shape rapidly.

The strength and resilience of a gel are determined
by forcing the flat surface of the spatula through the gel.
The resistance offered to the passage of the spatula is dependent
on the strength of the gel. A friatle gel may offer consider-
atle initial resistance and then btreak away. This 1s considered
a rigld weak gel. When motion of the spatula 1s stopped, a
resilient or elastic gel will tend to force the spatula tack
out of the "compressed" area.

When a sample of gel is withdrawn on the end of a
spatula the length is qualitatively observed. The connection
between the semple and the main body of the gel is maintained
over a considerable distance with a long gel. If the gel 1s
friable it will be very short. A long gel is either excessively
fluid or 1s very elastic. This leads to inferior firing

characteristics. The best F-614 gels are moderately short.
The tendency to draw some of the remaining gel out with the

sample is apparent.

A gel which is adhesive 1s difficult to remove from
& spatula completely. A test of adhesion to wood may be con-
ducted using a physician's tongue depressor as a standard wood
strip. The strip in a vertical position is forced into the
gel, the gel allowed to heal around it for a matter of 30 seconds
and the strip is then drawn vertically out of the gel. With
a good F-614 gel at least 50% of the submerged surface will be
gel coated. A long elastic gel will te drawn part way out
and will then snap back leaving the wood clean.

D, Determination of Physical Properties

Attempts to accurately characterize gels by measure-
ment of specific physical properties were undertaken to corre-
late gel formulation work, to establish specification tests,
and to obtain an insight into the factors influencing gel
performance in incendiary munitions. Obviously no test will
fulfill all these functions. In the light of the data dis-
cussed in Sections VI." and VII, the parallel plate test appears
most suitatle for specification work, that is, this test 1s
sensitive to changes in composition and indicates when produc-
tion of a specific formula i1s satisfactory. The performance
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of a gel of new or unknown formula, hovwever, cannot be predict-
ed from its parallel plate value. The impact strength of a gel
on the other hand will fairly accurately determine the dis-
tritution of the gel on ejection from various munitions.

1. Consistency Measurements

The tendency of a material to flow under stress is
inversely proportional to its consistency. True Newtonlan
liquids exhibit a constant ratio of shearing stress to rate
of shear which is defined as the viscosity. Plastic materials
such as gels, however, resist deformation bty low shearing
forces and tend to yield more easily to higher shearing forces.
Since the overall performance of & gel is dependent on 1its
behavior under toth conditions, it is important to characterize
& gel at both high and low shearing forces. A satisfactory
method of accomplishing the former otJective 1s the impact
test while the latter measurement is most reproducibly observed
by the parallel plate test.

a. The Parallel Plate Test

The parallel plate test 1s describted in CWS Speci-
fication 196-131-108 and in CWS Directive 201. A more complete
description of our technique may be found in Appendix A.

Our procedure differs from CWS practice solely in the size

of the plates (12 inches square in this laboratory, 6 inches
square in CWS Directive 201). This test 1s a modification of
a consistency test for putty (H. *. Gardner, Physical and
Chemical Examination of Paints, Varnishes, Lacquers and Colors,
8th Edition, January 1, 1937, pages 599-601), and consists of
measuring the diameter in centimeters to which 5 cc. of gel
spreads in one minute between parallel plates of glass under

& 2 kilogram load.

A study of various loads indicated that values in
the most sensitive range were ottained with the recommended
2 kg. load. The majority of the gels will nearly reach an
equilibtrium spread in the 1 minute period of stress. If
the load is applied for 5 min. to a typical F-241 gel, the
parallel plate value would be increased from 10.4 to 11.6 cm.
Straight lines are ottained ty plotting the diameter against
the logarithm of the time the load is applied. The original
technique involved increasing the applied load by 2 kilogram
increments every minute until a total load of 10 kilograms
resulted. When the diameters otserved bty this method were
plotted against the logarithm of the applied load, parallel
straight lines were obtained for gels of quite diverse com-
position. The simpler technique involving & single measure-
ment is therefore recommended. The temperature coefficient of
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the parallel plate values of F-241 gels was 0.15 cm./°C. To
study the reproducibility of the test, 46 F-241 gels were
prepared from various samples of the ingredients. At least
three parallel plate measurements were made on each of these
gels twenty-four hours after preparation. For a particular gel
the maximum deviation from the mean of any single measurement
vas 0.7 cm., while for all of the gels three-quarters of the
values were within 0.3 cm. of the average.

. Impact Strength

To determine consistency at a high rate of shear
a Schopper Dynstat plastics impact tester was modified to
handle gels. A trlade one-quarter inch wide was mounted on a
pendulum with a total length of 15 inches. A trough to retain
the gel sample was placed horizontally at the bottom of the
swving of the pendulum. The horizontal length of the path
of the blade through the gel was 26 cm. Various loads were
placed on the pendulum arm. The pendulum was released from
& horizontal position, allowed to swing down through the gel
and the vertical height of the upward swing was determined.
When the gel trough was empty the pendulum, teing nearly
frictionless, rose to the horizontal position. When the gel
vas present the energy consumed in forcing the blade through
the gel caused the pendulum to swing through to a maximum
height somewhat short of the horizontal or zero point. The
decrease in the height of the maximum swing from the zero
point is proportional to the work done and therefore to the
strength of the gel. To cover all types of gels, it was
necessary to use three different loadings on the pendulum
vhich are referred to in increasing order of gel strength
as B, C, and D scales. The B scale readings for the weakest
gels ranged from 1 to 10 units. The units are empirical
but in a very rough way correspond to kg. cm. The C scale
covered a range of 1 to 20 units and in the lower half of this
renge B and C scale readings vere nearly equivalent. A few
tough gels had values exceeding the C scale. These were
measured by placing a small additional weight on the impact
arm and bty raising the release point from 90° to 120° from
the vertical. This increased angle of fall alters the zero
point of the instrument. The D scale values are therefore
not directly comparable with those of the B and C scale.

c. Modified Stormer Viscosimeter
The modified Stormer viscosimeter as described by

Geddes and Dawson, J. Ind. Eng. Chem., 34, 163 (1942), con-
sists of a sample cup containing a paddle which is driven by
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the gravitational pull of a falling weight. For a given

load the speed with which the paddle rotates is inversely
proportional to the viscosity of the material in the sample
cup. A true determination requires that stirring be continued
until a constant rate is obttained. Curves for R.P.M. versus
applied load for F-28t and F-241 gels are shown in Figure 2.
These curves show a pseudo yleld point. Thus at low shearing
forces, i.e., low applied load, the rate of rotation is ex-
tremely slow while under a somewhat higher load the increase
in R.P.M. with an increase in the applied load is rapid. For
these particular gels the most satisfactory but time-consuming
criterion of consistency would te the load required to produce
10 R.P.M. With many gels, especially those containing inter-
polymers, the viscosity of the gel increased during the measure-
ment, and results could te duplicated only when a fresh sample
wvas used for each measurement. It was therefore not possible
to obtain a constant rate. As a rapid generalized technique
the procedure described in Appendix A-2 was therefore adopted.
It consisted in measuring. the average rate of rotation during
100 revolutions of the paddle after an acceleration period o
10 revolutions under a standard load (800 or 1400 g.) that
appeared suitable for the particular type of gel.

d. Gardner Mobilometer

The Gardner motllometer as described in CWS Directive
201 is an extrusion type viscosimeter. The rate of fall of a
loaded piston through the sample contained in a tight-fitting
cylinder is determined. Due to work hardening phenomena, the
value otserved with methacrylate gels was markedly dependent
upon the treatment of the sample. Reproducible values were
obtained only when freshly prepared gels were allowed to age
24 hours in the Gardner cylinder and subsequently a single
measurement was made on the unworked sample. As shown in
Figure 3, with F-107 type gels the logarithm of the time re-
quired for the piston to travel 10 cm. (rate of shear) plotted
against the logarithm of the applied load (shearing force)
gives parallel straight lines, and that the separation be-
tween these lines is proportional to the polymer content of
the gel. This measurement was not used for routine charac-
terization of latoratory gels due to the large number of
mobilometer tubes that would have been required.

For extremely tough gels a special modification of
the mobilometer measurement was devised. The gel sample was
alloved to remain in the large container (1 quart or greater)
in which it was prepared. The loaded piston was placed on
the surface and allowved to fall through the gel. The time in
minutes reg red for the piston face to penetrate from 1/2

inch to 1=1/2 ihches telow the surfate is taken &s the Hodified
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motilometer value (min./inch/567 g. load). This technique
allowved the test to bte run on unworked samples and eliminates

the difficult step of filling the mobilometer tute.

e. A.S.T.M. Grease Penetrometer

The A.S.T.M. penetrometer determines the depth of
penetration in hundredths of centimeters of a cone into the
gel in 5 seconds. The standard A.S.T.M. procedure D-217-27T
uses a load of 150 g. To ottain penetrometer values in the
most sensitive region of the instrument, the load was reduced
by & counter-balance to 50 and 25 g. Even under these con-
ditions the correlation between penetrometer values and apparent
stiffness was still not good. The roughness of the gel surfaces
and the presence of air tubbles in the gels seemed to intro-
duce errors vhich exceeded the normal differences between gels.

f. Clark-Hodsman Viacoéimeter

In & fundamental study of the rheology of gels, the
Bastman Kodak Company (Contract OEMsr-538, Monthly Report #1,
June 18, 1942) studied the use of the Clark-Hodsman viscosimeter
to determine the elasticity and viscosity of gels at very low
shearing forces. An instrument tuilt by the Fastman Kodak
Company was loaned for test to the Ammonia Department of E. I.
duPont de Nemours & Company. By trial and error it was
necessary to determine the proper diameter wire and angle of
torque for each gel in order to ottain a valid measurement.
Many gels did not exhibit sufficient adhesion to the plumb
to prevent slippage. The measurement did not therefore appear
convenient as a method of characterizing new gels. The values
observed on different preparations of the same gel formula
did not show sufficient variation for this technique to serve
as a control method. For a fundamental study of a particular
gel, the device had the advantage over the parallel plate
method that it gave the viscosity at low shearing forces
directly in poises rather than in empirical units.

2. Miscellaneous Physical Measurements

While consistency of the gels at various ahearinf
forces appeared to te the major factor determining their firing
performance, other physical properties were determined in a
search for critical tests.
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